ABSTRACT The intermittent gliding flight method takes advantage of the updraft is adopted to increase the flight endurance time of a type of multifunctional morphing unmanned aerial vehicle (UAV). This type of UAV is able to be folded before launch, launch from a cylindrical launch tube, and adjust the wing span and sweep angle during flight. It has the advantages of convenient storage and transportation and can use the energy of the updraft. In order to effectively utilize the updraft, the mathematical model of updraft is established, and an updraft judging method is proposed. In order to complete the intermittent gliding flight, the flight progress is divided into two stages and a segmentation control law is proposed. During the intermittent gliding stage switching, the wing sweep angle and wing span length are varied to accommodate requirements of different stages. H ∞ robust control design method for gain scheduling based on linear parameter varying model is used to ensure the stability of the morphing UAV during the wings change. The mathematical simulation verifies the effectiveness of the morphing control algorithm. After that, a semi-physical simulation verification involving a mathematical UAV model with a physical wing changing mechanism, a physical embedded flight control module, the real flight attitude, and the virtual route are implemented. It has been verified that the morphing UAV can remain stable throughout the entire cycle of the intermittent gliding. Moreover, the intermittent gliding flight with updraft can reduce the fuel consumption of the morphing UAV and increase its flight endurance time.
I. INTRODUCTION
In recent years, unmanned aerial vehicles (UAVs) develop rapidly and are being practically applied in more fields. Therefore, people pay more attention to the specific functions and work efficiency of UAVs instead of focusing on their basic flight functions. In this situation, giant UAVs, micro UAVs, ultra-high-speed UAVs and special-shaped UAVs have been studied more. Morphing UAV is exactly a kind of special-shaped UAV.
Up to now, there is no clear and well-recognized definition of the concept of ''morphing''. However, according to the existing literature, the scope of ''morphing'' can be broadly divided into two categories: generalized ''morphing'' and narrow ''morphing'' [1] , [2] . A generalized ''morphing'' refers to any shape and structure change, even including
The associate editor coordinating the review of this manuscript and approving it for publication was Zhen Li. virtual aerodynamic layout changes. The narrowly defined ''morphing'' refers to the use of advanced materials, structures and driving devices to change the aerodynamic layout on a large scale through advanced drive control and flight control technologies to meet different mission requirements [3] - [5] . The morphing UAV discussed in this paper clearly belongs to the latter. Regardless of the manner in which it is defined, the main purpose of the morphing aircraft is to adjust the shape to adapt to the requirements of the flight environment (e.g. altitude, speed, etc.) and missions (e.g. cruise, hover, attack, etc.).
The concept of morphing aircraft can be traced back to the idea of Clement Ader in 1890 [6] . After the Second World War, traditional morphing aircrafts became more mature. One representative is the variable wing installation angle aircraft XF-91 designed by Republic Aviation Corporation of the United States [7] . From the 1960s to the 1980s, the United States and the Soviet Union successively carried out research on military variant aircraft technology and developed a number of high-performance and mass-produced military swept-wing aircraft [8] . By the year 2000, the development of new materials and new control technologies made it possible to introduce new morphing methods such as sliding skin wings, Z-fold wings and telescopic wings. At the end of 2002, DARPA launched the Morphing Aircraft Structures (MAS) research program [6] . The program produced a large number of new variant design results [9] - [11] . After entering the 21st century, with the deepening of morphing research, people began to pay more attention to the modeling, analysis and control of morphing aircraft. Secanell used the CFD solver and sequence quadratic programming algorithm based on the SA turbulence model to obtain the optimal wing shape under six flight conditions [12] . Joshua and William [13] extracted the six most critical variables in the conceptual design phase of the variant aircraft as subjects, and obtained the effects of changes in these basic variables on the aerodynamic performance of the aircraft. The University of Maryland conducted a wind tunnel test on the telescopic wing structure, demonstrating that this kind of morphing improved the aerodynamic characteristics [14] . Obradovic proposed a flight mechanics modeling method that could solve time-varying characteristics of aerodynamics, moment of inertia and centroid of a morphing aircraft, and carried out flight simulation verification [15] . Danny built an aerodynamic model and dynamics model for a Z-wing variant aircraft [16] . The University of Florida set different expectations models in the four flight phases of the morphing aircraft, designed the model tracking controller control algorithm, and realized the aircraft tracking desired model [17] . NextGen studied the wing shape control and flight control of sliding skin morphing aircraft, using mechanical dynamics numerical calculation data and aerodynamic calculation data to establish a linearized model and design an adaptive control algorithm [18] .
It can be seen that the researchers mainly focus on the morphing aircraft itself. The use of the environment for aircraft is less studied. In fact, the characteristics of morphing aircraft make it possible to adapt to the environment while providing greater possibilities for the utilizing of the environment. In the natural environment, the most beneficial factor for the aircraft to improve the flight endurance time is updraft. Some scholars have done research on the use of updraft.
Allen [19] proposed a modeling method for hot updraft based on air data in a certain region. On this basis, Bower [20] proposed an algorithm for controlling the acquisition of energy in a hot updraft by an aircraft. Lawrance and Sukkarieh [21] proposed a control method for the dynamic rise of a glider.
Research on the use of updraft is rare and focuses on aircraft such as gliders. In view of the current situation and research basis described above, the research on the use of updraft to extend flight endurance time for morphing UAV has higher value and greater feasibility. 
II. THERMODYNAMIC UPDRAFT ANALYSIS AND MODELING

A. UPDRAFT ANALYSIS
There are two main types of updrafts in nature, one is dynamic updraft and the other is thermodynamic updraft. The cause of dynamic updraft is that horizontally flowing winds produce upward velocity when encountering large obstacles. Therefore, dynamic updraft is constrained by terrain. However, the terrain which is able to generate dynamic updrafts often limits the flight path of the UAV. Thermodynamic updraft is different from dynamic updraft and does not rely too much on terrain factors. It may be generated on the surface of the rock, on the dry surface, over the residential area or over the farmland. Therefore, it may be encountered at any time during the flight of the UAV. Comparing the characteristics of the two updrafts above, it can be seen that intermittent gliding with thermodynamic updraft should be the focus of research.
The thermodynamic updraft is formed by the rise of air absorbing heat from the ground. When the sun shines on the ground of a certain area and the temperature of this area becomes higher than the temperature of surrounding area, air density of the high temperature area becomes smaller. Once the wind acts as a trigger source, the air in this area begins to rise. Therefore, thermodynamic updrafts are produced.
Thermodynamic updrafts come in two forms, one is a continuous columnar updraft from the ground to the top, and the other is that as the updraft increases, the top rising air gradually disengages from the bottom air, forming a bubbled air mass. The two forms of updraft are shown in figure 1.
According to meteorological studies, there are updrafts within the height of 10km. But the type and intensity of updrafts vary with terrain, climate and altitude. The overall trend of the intensity of thermodynamic updraft decreases as the height increases and the distance from the endothermic source (earth surface) increases. At the position closer to the ground, it is easy to form the columnar continuous updraft as described above, and at the position far from the ground, the continuous columnar updraft is difficult to maintain, and may generate ''rising bubbles'' separated from the ground. Although the ''rising bubbles'' still have strong lift and energy, they are difficult to predict due to the lack of continuity. If the ''rising bubbles'' are not properly used the UAV will not only have difficulty in obtaining energy, but also increase its energy consumption. The relationship between updraft intensity and height in a sunny environment is shown in table 1.
B. THERMODYNAMIC UPDRAFT MODELING
The main factors affecting the thermodynamic updraft are landform, geographical location, season and time. Different landforms, different latitudes, and different seasons produce different updrafts. Even if the same place and the same time, due to various factors such as weather, temperature, humidity, and air pressure, whether or not the updraft occurs, the updraft intensity, the rise height, and the duration are all uncertain. Therefore, in order to facilitate the description and ensure the authenticity of the model, a Gaussian distribution model is used to describe the characteristics of the updraft. The entire updraft has a nearly circular outer edge, and the intensity is greater at the center of the updraft, and the intensity gradually decreases from the center to the edge. Based on these characteristics of updraft, the Gaussian function established in this paper is as follows:
In this equation, w p is the peak velocity of the updraft. (x 0 , y 0 ) is the center position of updraft. σ x and σ y are parameters defining the range of updraft. For common updrafts, assume that σ x = σ y . The above equation can be simplified to the following equation:
Select a set of typical parameters: w p = 5m/s, σ x = 0, σ y = 0. The resulting updraft model is shown in figure 2 . The model in figure 2 reflects the characteristic of the updraft: the center airflow velocity is high and the edge airflow velocity is low. The established updraft model will be applied to the subsequent intermittent gliding scheme research and semi-physical simulation. Figure 2 does not reflect the height range of the updraft. In the applied model, the updraft velocity is stable below 3 km, gradually decreasing between 3 km and 5 km, and almost equal to 0 at 5 km or more. 
III. MORPHING UAV ANALYSIS AND DESIGN
In order to meet the task requirements, the UAV design described in this paper should have two features. The first feature is: in order to change the aerodynamic characteristics, the wings should have certain deformation ability in flight. The second feature is that for ease of storage, transport and launch, the wings should be able to be fully folded and stored in a cylindrical launch tube.
For the first feature required: the variable sweep angle and variable span are the solutions that can greatly change the aerodynamic characteristics and can be realized at a small cost in the general fixed-wing UAV.
For the second feature required: In the variable sweep angle design, if the sweep angle can reach 90 degrees and both wings are converged within the width of the UAV body, the second feature can be achieved.
Therefore, we adopted this morphing method to analysis and design.
A. MORPHING ANALYSIS
For easy implement and reliable changing the sweep angle, morphing UAV often place the two wings on different horizontal planes. When the wings are thin and the UAV size is small, there is no obvious defect in this design. For example, the Switchblade is mass-produced and used in a variety of tasks. Its control system is stable. However, for the UAVs in a larger size, the two wings on different horizontal planes will generate a rolling moment in the flight, breaking the stability of the control system and even causing the UAV to lose control. The quantitative analysis is as shown in figure 3 . VOLUME 7, 2019 Figure 3 shows the principle of rolling torque generation. Ll and Lr refer to the lift of the left and right wing. Decompose lift into both lateral and vertical directions. Therefore, Ll is decomposed into Lll and Llv. Lr is decomposed into Lrl and Lrv. Among them, Llv and Lrv are mainly balanced with the gravity of the UAV. However, when Lll and Lrl act on the UAV body (becoming Lll' and Lrl' after translation), they form a torque. This torque causes the UAV body to roll.
When the UAV is flying stably, this rolling torque can be balanced by the autopilot operating the ailerons. However, when the UAV is launching, the wings are quickly deployed from the folded state, the autopilot is difficult to complete the instantaneous intervention, and the ailerons are inefficient. Therefore, this rolling torque has a great threat to flight safety.
The fundamental way to solve this problem is to design the wings of the UAV always on the same horizontal plane, whether before or after launch. However, with this design, it is difficult to ensure that the wings are folded and stored before launch. Therefore, we consider the following design: in the launch tube, the wings are folded up and down, and after the launch, the wing below is quickly raised to the same horizontal plane as the upper wing.
Generally, when the wings are deployed to a sweep angle of 60 degrees, the aileron can be controlled by the autopilot to stabilize the UAV attitude and the space is enough for the lower wing to rise. Before the roll angle reaches 60 degrees, the excessive roll angle may cause the UAV to get out of control. Therefore, it is necessary to calculate the minimum wing deployment speed that guarantees safe launch.
The figure 4 illustrates the relationship between the roll angle caused by the above reason and the time required for the wing to be deployed to 60 degrees.
It can be seen that when the wings are deployed to a 60 degree sweep angle within 3 seconds, the resulting roll angle is less than 15 degrees. If the deploying time takes 4 seconds, the corresponding roll angle will reach about 30 degrees. This angle is already very large, which will greatly affect the stability of the UAV and even crash it. Therefore, it is best to control the time for the wings to be deployed to a sweep angle of 60 degrees within 3 seconds.
Based on the above analysis, we have designed an effective mechanism to change the sweep angle.
B. MORPHING DESIGN
The key for the morphing UAV to realize the same horizontal plane of the two wings, and the synchronous change of the sweep angle of the two wings is a special set of structures. And the wing should be able to expand quickly when the UAV is launched. The structure mainly includes an axle, two wing brackets and two racks. The left and right wing brackets are respectively bolted to the left and right wings (not shown in the figure for easy viewing). The two wing brackets are both bolted to the fixed mount which is driven by a spring or a motor system (both are not shown in the figure). The spring is used for the rapid deployment of the wing when the UAV is launching, while the motor is used for the sweep angle adjustment during normal flight. The design of the sweep angle changing mechanism is shown in the figure below.
Before the UAV launch, the wing sweep angle is 90 degrees, and the wings are stacked one on top of the other to facilitate the storage and transportation of the UAV, as shown in the figure 5 (a). It can be seen from the figure that when the two racks are pushed in the negative direction of the body axis, the sweep angle gradually reduces. Since the two racks are fixed on the same fixed mount, their movements are strictly synchronized. Therefore, the sweep angle changes of the two wings are also strictly synchronized. When the right wing bracket rotates around the axle to a certain angle, the spring on the spindle pushes the right wing bracket up. Therefore, the two wings reach the same horizontal plane, as shown in the figure 5 (b).
The final morphing UAV overall design is shown below.
IV. MORPHING UAV INTERMITTENT GLIDING CONTROL RESEARCH
As discussed earlier, morphing UAV using intermittent gliding to take advantage of updraft flight is a viable solution to improve the maximum flight endurance time. This section will analyze the characteristics of intermittent gliding flight and give corresponding control rules. 
A. INTERMITTENT GLIDING STAGE DIVISION AND CONTROL SCHEME
Because of the different flight characteristics, intermittent gliding process should be divided into two stages. The first stage is to use the updraft to obtain the highest flying height. The whole process is to climb. After climbing to the maximum height, it enters the second stage. The second stage is the gliding stage. The morphing UAV adjusts the engine throttle to the minimum fuel consumption state, and the UAV glides to the cruising altitude. When the altitude reaches to the cruising altitude the gliding process ends. The two stages are combined to form a complete intermittent gliding cycle, and different control schemes are required in different stages.
B. OPTIMAL ENVELOPE LOWER BOUND CONSTRAINT CONTROL METHOD
In view of the characteristics of the intermittent gliding flight described above, a segmented control method is proposed: the optimal envelope lower bound constraint control method. The schematic diagram of this method is shown in figure 7. When both s 1 and s 2 in the figure 7 are turned on, the upper part of the schematic diagram is a typical UAV velocity control system, and the lower part is a typical flight height control system. The control of s 1 and s 2 reflects the segmentation control characteristic of the optimal envelope lower bound constraint control method. The control process of the UAV in the intermittent gliding flight is as follows.
Intermittent gliding flights need to make full use of external energy. When there is an updraft outside, the rise of the morphing UAV height is not needed to be controlled or there is less constraint, and only the height reduction is needed to be controlled. When there is a downward or forward flow outside, the increase in speed is not controlled or there is less constraint, and only the decrease in speed is controlled.
The above is the basic idea of the optimal envelope lower bound constraint control. The control law needs to improve the traditional control method, so that the control of the two stages of height and speed can achieve the ''limit the lower bound and let the upper bound go'' requirement.
When the morphing UAV is in a cruise flight, both the switch s 1 and s 2 in the schematic diagram are turned on.
h is the actual observed height difference. h is the height difference through the low-pass filter 1 (τ 1 s+1) 2 . The parameter τ 1 is selected according to different flight areas. According to the simulation test design, the parameters of the speed loop are similar to the height loop. The nonlinear function W ( h ) is used to indicate whether there is an updraft and is used to automatically control the turning on or off of the switch s 1 . Q( h ) is used to indicate whether to end the climb flight and to control the turning on or off of switch s 2 . When an updraft is detected, switch s 1 is turned off and the morphing UAV enters the climb stage from a height-fixed cruise. In this stage, the height increase is not controlled, so that the morphing UAV makes full use of the updraft to obtain the maximum potential energy. But the height is monitored to prevent the height falling. When the morphing UAV climbs to the maximum ceiling or the mission needs to end the climb process, switch s 2 is turned off and the morphing UAV enters the gliding stage. In this stage, both the height and the speed are not controlled. The morphing UAV fully utilizes the potential energy obtained by the climbing stage to glide towards the target. But the altitude and the speed are monitored to prevent the altitude and speed from exceeding the flight envelope. When the altitude or the speed of the morphing UAV is lower than its lower bound constraint, both the switch s 1 and the switch s 2 is turned on and the morphing UAV is gradually adjusted to a height-fixed cruise.
The optimal envelope lower bound constraint control method can let the morphing UAV make full use of the updraft energy to climb and gliding, reduce its own fuel consumption, increase the maximum flight time and range, and realize intermittent gliding flight.
C. UPDRAFT JUDGMENT METHOD
Intermittent gliding flight needs to make full use of updraft energy for climbing and gliding. Therefore, accurately determining whether the aircraft enters a stable updraft region is the primary condition for achieving intermittent gliding flight.
According to the relationship between the presence of updraft and topography, landform, time and climate, before the aircraft takes off, it can be analyzed whether there is any topography that can generate updraft according to the loaded map. Combined with the weather and wind direction at that time, it is comprehensively predicted whether it is likely to encounter updrafts and the location and time of the updraft region.
During the flight, if the updraft is encountered, the UAV's own balance is broken. The simulation analysis shows that the most direct, obvious and easily measurable variable affected by the updraft is the UAV's energy change rate and the attack angle. Therefore, it is possible to judge whether the UAV enters a stable and available updraft region by measuring the changing rate of the energy or the attack angle.
In order to make the judgment more accurate, it is also possible to comprehensively use the changes of the two variables.
For attack angle, it can be measured directly by the sensor. For the change rate of energy, the judgment method is slightly more complicated. Morphing UAV's total energy is composed of kinetic energy and potential energy, as shown below.
In this equation, E tot is the total energy of the UAV. E p is the potential energy and E k is the Kinect energy. m is the mass of the UAV, g is gravitational acceleration, h is the flight height and V is the ground speed. After the energy expression is normalized, the energy change rate is as follows.
E tot ,Ė p ,Ė k ,ḣ andV are the normalized change rate of the variables in equation (3). In the above equation, the influence of the engine is added to correct the rate of change of energy. Therefore, the expression of the energy change rate for the updraft judgment becomes the following equation.
P trim is the engine thrust when the UAV is trimmed. P is the measured engine thrust. It can be seen from the energy change rate that when the UAV is set to cruise flight, the energy change rate is 0. In the case of updraft, the energy change rate is affected to have some change. This change can be used to judge the existence of the updraft. Figure 8 shows the responses of the energy change rate and the attack angle change when the morphing UAV in a height-fixed cruise encounters an updraft that can be utilized. And it will be compared with the gust wind which could not be utilized. When the UAV enters the updraft region, the energy change rate increases after a wave of fluctuations, and gradually becomes stable after the shock. When the gust is encountered, the energy change rate decreases after fluctuating. Therefore, when the UAV energy change rate continues to increase over a period of time, and the increased amount exceeds the set threshold ε 1 , it can be determined that there is an updraft that can be utilized. It can be seen from the change of the attack angle that when the updraft that can be utilized is encountered, the attack angle is downward after a shock, and there is no obvious and continuous decrease in the case of gusts. Therefore, when the attack angle has a continuous decreasing process and the amount of decrease is greater than the set threshold ε 2 , it can also be determined that the UAV has entered the updraft region. Therefore, the nonlinear function W ( h ) used in the above to determine whether to enter the updraft region can be expressed as the 40996 VOLUME 7, 2019 FIGURE 8. Effect of updraft and gusts on UAV energy change rate and angle of attack.
following equation.
Using this judgment method combined with meteorological detection, the updraft can be judged relatively accurately.
D. INTERMITTENT GLIDING FLIGHT CLIMBING STAGE CONTROL METHOD
The morphing UAV uses the above-mentioned updraft judgment scheme combined with meteorological detection to determine whether there is an available updraft in the cruise flight stage. If the UAV enter a stable updraft region, W ( h ) = 0. At this time, using the optimal envelope lower bound constraint control method described above, the constraint of the flying height is released, and the flight state is adjusted to ensure that the UAV is in the updraft region. The morphing UAV's longitudinal controller in cruising is shown below.
In this equation, δ * e is the elevator control command. α, θ, q and h are the current attack angle, pitch angle, angular velocity and height. α * , θ * and h * are the expected attack angle, pitch angle and height. k α , k q , k θ and k h are the controls parameters. According to the optimal envelope lower bound constraint control method described above, the height constraint is released during the intermittent gliding climb, so k h = 0. The controller structure becomes the following equation.
According to the updraft model in Section 2, the updraft region is cylindrical, the center airflow speed is high, and the peripheral airflow speed is low. In order to continuously obtain the energy of the updraft, the UAV should adopt a hovering flight mode in the updraft region. The closer the UAV is to the center of the updraft, the more energy it gets. However, when the UAV is too close to the center of the updraft, the hovering radius is too small, which is not conducive to energy utilization and the UAV control. Therefore, the UAV needs to maintain a suitable hovering radius. According to the above method for judging the updraft, the updraft velocity affects the energy change rate. According to the characteristics of updraft, the hovering radius can be judged by the speed of updraft. When the updraft velocity decreases, the energy change rate decreases. When the updraft velocity increases, the energy change rate increases. The increase and decrease of the energy change rate can be expressed by the value of the second-order differential of the energy. Therefore, the flight of the UAV in the updraft region can be maintained by calculating the second-order differential of the energy. Therefore, the lateral control law that maintains the UAV hovering around the center of the updraft is as follows.
In this equation, δ * a is the aileron control command. β, p, r, φ and ψ are the current sideslip angle, roll angular velocity, yaw angular velocity, roll angle and yaw angle. r * , φ * and ψ * (Ë) are the expected yaw angular velocity, roll angle and yaw angle. Among them, ψ * (Ë) is adjusted according to the energy change rate to change the radius of the hover circle so that the UAV could fly in the updraft region. k yβ , k yp , k yr , k yφ and k yψ are the controls parameters.
E. INTERMITTENT GLIDING FLIGHT GLIDING STAGE CONTROL METHOD
When the UAV climbs to the maximum altitude the climb process ends. The UAV enters the gliding stage and begins to glide to the target. In this stage, the gliding scheme aims at the longest flight time or maximum voyage, and the engine is adjusted to the minimum fuel operating state. The throttle is at the minimum level, δ t = δ t min . Therefore, the controller structure is shown below.
The meaning of the variables in the equation is consistent with the previous. The control method of the process releases the constraints of velocity and altitude, so that the potential energy obtained by the UAV could be converted into its own kinetic energy. When the UAV falls to the specified altitude, the gliding ends and an intermittent gliding cycle is completed. During the gliding, the engine works in the minimum fuel state. If the gliding speed reaches the lower limit of the flight speed, the engine restarts.
V. MORPHING PROCESS CONTROL METHOD
The previous section introduces the control scheme for the entire interval gliding process and the control laws of different stages to ensure morphing UAV control in each stage. However, during the stage conversion process, the morphing UAV wing is changed to suit the needs of the next stage, and special control measures must be used.
A. CONTROLLER REQUIREMENTS AND SELECTION
It is difficult to establish a precise mathematical model because morphing UAV needs to change its shape to a great extent, that is, its model has some uncertainty. In addition, the aerodynamic force of a morphing UAV is also difficult to model accurately. Therefore, when designing the control system of the morphing UAV, the uncertainty of the system must be considered. In the process of variant, the inertia force, moment of inertia and aerodynamics will have different effects on the morphing UAV with different variant velocity and amplitude. These effects can be regarded as additional disturbance to the morphing UAV as well as other factors that cannot be modeled. The designed controller should enable the aircraft to overcome the effects of these disturbances and maintain flight stability. With the development of modern control technology, some new control methods for complex systems can be applied to variant control [22] . In the experimental stage, for practical and better applications, we still choose a method that is easy to implement. Therefore, in this paper, the LPV gain scheduling H ∞ robust controller is used for the morphing UAV. Gain scheduling is used to ensure the controller's adaptability to aerodynamic shape changes. LPV robust H ∞ control is used to ensure the robustness of the controller to unmodeled disturbances during the morphing process.
B. GAIN SCHEDULING CONTROL METHOD BASED ON LPV MODEL
Gain scheduling is one of the popular algorithms for nonlinear control design. It is suitable for engineering applications because it can adjust the control parameters according to the controlled objects and conditions. The gain scheduling method can be included in the adaptive algorithm.
Traditional gain scheduling designs typically decompose nonlinear design tasks into multiple linear subtasks. First, the nonlinear system is linearized at each design point, then a linear controller is designed for each design point. Finally, these linear controllers are combined to form a linear controller family to control the entire nonlinear system [23] . There are currently two main strategies for connecting local linear controllers to form a gain scheduling controller: (1) Switching strategy; (2) Interpolation method. Although the traditional gain scheduling design method can work in many practical situations, there are many shortcomings: (1) There is no general method of combining local linear controllers; (2) It is not clear how to design a linear controller so that the entire controlled system has the desired performance after interpolation; (3) Performance such as stability cannot be guaranteed at the operating point between design points, and the performance of the design can only be roughly estimated by nonlinear simulation. In view of the shortcomings of traditional gain scheduling design methods, scholars have proposed a gain scheduling method based on linear parameter varying (LPV) system.
C. H ∞ ROBUST CONTROL DESIGN METHOD FOR GAIN SCHEDULING BASED ON LPV MODEL
This method has the following characteristics: (1) It directly designs a controller instead of a combination of multiple local controllers; ( 2) The LPV method usually uses a norm-based performance metric; (3) This method generally uses modern design techniques to process the allowed parameter sets in a straightforward manner, such as H 2 and H ∞ control under a parameter dependent framework. The controller obtained by this design method can guarantee certain stability and other performance within a predefined operating range.
The LPV object is a linear system that can be described by the following state equation. (11) where x(t), u(t), x(t) represent the system state vector, the system input vector, and the system output vector, respectively; θ(t) is a time-varying object parameter vector (scheduling variable vector); The state matrix A, B, C, D are the fixed matrix functions of θ(t). If θ(t) is fixed to the given value θ, the LPV system will become a linear time-invariant system. In a typical system, the range of variation of θ(t) is known, and θ(t) is measurable in real time. Therefore, the controller designed by this method relies on the time-varying parameter θ(t), which is a time-varying H ∞ controller whose state equation is described as the following equation.
x(t) = A(θ(t))x(t) + B(θ(t))u(t) y(t) = C(θ (t))x(t) + D(θ(t))u(t)
The state matrix A K , B K , C K , D K are the fixed matrix functions of θ(t).
LPV control problems can generally be represented by the following figure.
In the figure, w is a generalized perturbation vector, z is the output vector, u is the control input vector, and y is the measurement output vector. P(θ) is the LPV controlled object and K(θ) is the LPV controller. Therefore, the LPV γ performance problem can be expressed as: finding an LPV controller that allows the closed-loop system to derive the L 2 norm F 1 (P, K ) ≤ γ over all allowed parameters. For the design of the LPV controller of the morphing UAV, due to the continuity of the time-varying parameter values, the application of the multi-cell decomposition technique can easily solve the problem of infinite constraints. 
D. MORPHING UAV FLIGHT CONTROLLER DESIGN
The morphing UAV controller design uses the longitudinal and lateral decoupling design. Take the vertical controller design as an example:
First, the longitudinal mathematical model of the variant UAV is rewritten as follows.
In the process of variation, it is most important to maintain the stability of the UAV, which is mainly reflected in the control of the height and velocity of the UAV. Therefore, the integral of the height deviation and the velocity deviation is introduced into the control model.
Take the state vector of the system as x = [u w q θ h I h I u δ e δ T ] T , the output vector as y = [u w q θ h I h I u ] T , and the control input vector as u = [δ ec δ Tc ] T . w is the interference input, and the controlled variable is z = [ε h ε u ] T .
Therefore, the resulting mathematical model is as follow. The meaning of each item in the equation is provided in (17)-(27), as shown at the top of the next page.
Take w as the uncertainty part and disturbance in the three dynamic equations, including the inertial additional force caused by the variant motion, the additional moment, the aerodynamic uncertainty, the modeling error, and other uncertainties and disturbances.
According to the characteristics of the variant UAV, the extension length 1 of the wing and the sweep angle θ 1 of the wing are selected as the scheduling variables of the LPV system.
Therefore, the scheduling variable θ(t) belongs to a convex cell with four vertices. θ (t) ∈ = Co{θ 1 , θ 2 , θ 3 , θ 4 }. θ i is the apex of the convex cell.
Since the morphing UAV has two variations of wing sweep angle and span length, its longitudinal motion model can be simplified as a convex with four vertices as follow.
A(θ(t)) B(θ(t)) C(θ (t)) D(θ (t))
∈ Co 
a 54 = u 0 cos θ 0 + w 0 sin θ 0 (23) 
Therefore, the scheduling variable can be expressed as:
controller of the morphing UAV can be represented as a combination of controllers for each vertex as follow.
VI. MORPHING CONTROL SIMULATION
To verify the effectiveness of the morphing control algorithm, a mathematical simulation of the morphing process was performed.
The sweep angle and the wing span of the morphing UAV described in this article are able be changed. Therefore, the simulation involves conversion between the four states: 1) 0 degree sweep angle with maximum wing span, 2) 0 degree sweep angle with minimum wing span, 3) 45 degree sweep angle with minimum wing span, 4) 45 degree sweep angle with maximum wing span. The morphing UAV will initially be in the first state, then change the sweep angle and wing span in the above order, and finally return to the first state. The time to start each morphing progress is 0s, 20s, 40s, 60s.
In order to verify the robustness of the controller in the presence of uncertain turbulence and other disturbances, modeling errors and sinusoidal interference are introduced during the simulation. For UAV, the most important model parameter is the aerodynamic parameter. Perturbation of aerodynamic and aerodynamic moment coefficients could be described by the following equation.
In the equation, C * refers to the nominal parameter, C * refers to the perturbation range, C * refers to the parameter with disturbances. When the longitudinal aerodynamic coefficient is perturbed, the perturbation size is related to the angle of attack, and the perturbation increases with the increase of the angle of attack. The maximum range of perturbation is 30%.
In addition, sinusoidal interference and interference torque are added to the simulation. The magnitude of the interference is: 6% of the static maximum drag, 0.72% of the static maximum lift, and 2.4% of the static maximum pitching moment.
The simulation results under the above conditions are as follows. All results are deviation values of the variables from the specified value or trim value.
The deviations of the actual height, velocity, angle of attack, angle of pitch and pitch angular velocity from the specified value or trim value are presented to illustrate the simulation result. It can be seen that in the case of interference, the UAV could remain stable during the continuous morphing process. This proves the effectiveness and stability of the control algorithm.
VII. SEMI-PHYSICAL VERIFICATION
In order to verify the morphing UAV intermittent gliding flight control method proposed in the previous sections, a semi-physical simulation system was designed.
A. VERIFICATION PURPOSE AND SIMULATION FLIGHT ROUTE
The semi-physical simulation has two main verification purposes. The first is to verify the stability of the control algorithm. The second is to verify the ability of the morphing UAV to use the intermittent gliding control method to improve the voyage. For the second purpose, the verification of this paper uses the fuel consumption comparison of the conventional flight and the intermittent gliding flight.
When cruising, the UAV will choose the wing span and sweep angle for fuel-saving. When intermittent gliding, the UAV will choose the wing span and sweep angle that can make the most use of the updraft.
B. THE COMPOSITION OF THE SEMI-PHYSICAL SIMULATION SYSTEM
The composition of the semi-physical simulation system is shown in the figure 15. the morphing UAV (except the morphing structure) and the model of the updraft in the route. Environmental parameters such as pressure are also run in the simulation computer.
Morphing UAV physical prototype: Morphing UAV physical prototype is designed and manufactured according to the design described in Section III. The prototype wing sweep angle and wing span length change according to the state of the morphing UAV mathematical model in the simulation computer to verify the validity the design in the Section III.
Six degrees of freedom platform: The Six degrees of freedom platform is a physical module. The morphing UAV physical prototype is fixedly connected to it. The six degrees of freedom platform can drive the UAV prototype in real time according to the UAV attitude calculated by the simulation computer. It can drive morphing UAV physical prototype to the actual attitude during the simulation.
It should be noted that in the semi-physical simulation, the UAV mathematical model we used is a subsonic UAV. And it uses a turbofan engine. In the morphing UAV physical prototype, we used a reduced size morphing UAV. Its morphing part and wings are consistent with the mathematical model. The reason for this is that the main function of morphing UAV physical prototype is to verify the effectiveness of the morphing machine. It is only necessary to keep the morphing mechanism in its original structure and size. And the space in the laboratory and the load of the Six degrees of freedom platform is limited.
Flight control module: The flight control module is the core module for morphing UAV intermittent gliding. It has all the control algorithms mentioned above, and can measure the real-time attitude of the morphing UAV physical prototype, and then give the control command to the morphing UAV. The control command is sent to the simulation computer and drives the mathematical model of the morphing UAV.
Photos of each part are shown as the following figures. 
C. SIMULATION AND VERIFICATION RESULT
An intermittent gliding flight simulation with one full cycle was performed. At the beginning of the simulation, the morphing UAV was in a fixed height flight state. At this time, the sweep angle was 30 degrees, and the variable portion of the wing span was half of the total variable wing span. After the UAV detected the updraft, it entered the hovering climbing stage. The control module adjusted the sweep angle to 0, and the wing span was adjusted to the maximum length. The updraft model shown in section II was used and the center velocity of the updraft was 5 m/s. When the UAV reached the top of the updraft, the minimum sweep angle and maximum span were maintained into the gliding stage. UAV's fuel consumption is small during gliding. When descending to a lower height, the UAV increased the sweep angle and reduced the span length, improving maneuverability in preparation for the next task. The main parameters of the simulation process are shown in the following figures.
First of all, it can be seen that the morphing UAV can remain stable during intermittent gliding and even when the sweep angle and span length change.
Furthermore, as can be seen from the figure 16, when using intermittent gliding flight, the morphing UAV consumes 19.0 kilograms of fuel for 700 seconds of flight. (It can be seen from the figures the UAV has completed a full cycle of intermittent gliding by the 700th second) When flying in a conventional manner, the same UAV consumes 21.2 kg of fuel for 700 seconds. (The green lines in the figure 16 show the engine thrust and the mass change of the UAV when it flies in a fixed flight height of 50m) It can be calculated that the fuel consuming decreases 10.4%. Therefore, if the same mass of fuel is used, the endurance time will be correspondingly enhanced by adopting the intermittent gliding method.
According to figure 16 , during the intermittent gliding flight, the reduction of fuel consumption is mainly in gliding stage. Fuel consumption in climbing stage is larger than that in conventional flight. Therefore, considering the overall mass and flying velocity of the morphing UAV studied in this paper, if using a smaller morphing UAV, the effect of improving the endurance time will be more obvious.
VIII. CONCLUSION
In view of the requirement of increasing the flight endurance time of the morphing UAV, this paper adopts the intermittent gliding flight method. Moreover, the design of the intermittent gliding control scheme and the gain scheduling control method based on LPV model for morphing process during the stage switching are given. Semi-physical simulation and verification proved that the control algorithm could stably control the morphing UAV and could save fuel to improve the flight endurance time.
There are two aspects to be improved in the future work. The first is that the current control scheme controls the wing shape according to the task requirements and then controls the UAV treating the wing shape as an external condition. In the future, the wing shape can be used as a control input of the control system to achieve better control effect. The second is to lighten the structure of the morphing UAV physical prototype to achieve the actual flight verification.
